Stir bar sorptive extraction was evaluated for analysing volatiles in vinegar. The procedure developed shows detection and quantitation limits, and linear ranges adequate for analysing this type of compounds. The accuracy obtained was close to 100%, with repeatability values lower than 13%. The extraction efficiency is inversely affected by the acetic acid content. Although the absolute areas decrease, the compound area/internal standard area ratio remains constant, so for quantitative analysis, the acetic acid concentration does not affect the analytical data. The method was compared with a previous SPME method. Similar performance characteristics were obtained for both methodologies, with lower detection and quantitation limits and better repeatability reproducibility values for SBSE. Both analytical methods were used to analyse a variety of vinegars. The results obtained from both methods were in agreement.
Introduction
Vinegar is used not only as condiment but also as ingredient in many food products, particularly sauces and dressings. Several types of vinegars produced from different raw materials and by different production processes can be found in the market. Sherry wine vinegar, produced from sherry wines following traditional method of acetification [1] , is a wine-derived product of high reputation, very appreciated in gastronomy. Due to the diversity of vinegars in the market and the increase in demand, it has been considered necessary to investigate reliable analytical methods to establish criteria for determining quality and origin, since objective authentification remains an unresolved issue. Vinegar quality is heavily influenced by flavour compounds. Several hundred of compounds from different families contribute to vinegar flavour. It's chemical and organoleptic properties are determined by the acetification system, the raw material used as substrate and, in some cases, by the wood aging. * Corresponding author. Tel.: +34 56 01 63 63; fax: +34 56 01 64 60.
E-mail address: remedios.castro@uca.es (R.C. Mejías).
The different raw materials and technological procedures that can be used result in a great variety of products of diverse quality and organoleptic properties. Considering that the volatile constituents of any specific vinegar will be determined by these factors, raw material and technological process, it is logical to suppose that they could be characterised and differentiated by the quantitative and qualitative analysis of this type of compounds.
There are various methods for the capillary GC analysis of volatile components [2] [3] [4] .
Stir bar sorptive extraction (SBSE) is a recently developed technique [5] [6] [7] [8] in which a stir bar coated with 50-300 L of polydimethylsiloxane (PDMS) is employed to extract analytes from a variety of matrices. The extraction mechanism is similar to that of solid phase microextraction (SPME) based on PDMS sorption [9] . A magnetic stirring bar is added to the sample to promote the transfer of analytes to the polymer coating and, after a predetermined extraction period, the analytes are thermally desorbed in the GC injector.
The advantage of SBSE is the much higher mass of PDMS available, which results in high recoveries and a higher sample capacity. The applications developed with SBSE have shown low detection limits and good repeatability [8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , which confirm the great potential of this technique. In a previous paper [8] , the optimisation of a stir bar sorptive extraction and thermal desorption procedure coupled to capillary gas chromatography-mass spectrometry for the determination of volatile compounds in vinegar was carried out.
For the extraction step, we evaluated the effects of experimental parameters such as sample volume, salting out effect, stirring speed, sampling time and dilution of the sample on the SBSE. For the thermal desorption into the GC, the factors evaluated were desorption temperature, desorption time, helium flow and cryofocusing temperature in the PTV injector. In both cases, the effects of these parameters were evaluated using a two-level factorial design expanded further to a central composite design.
The purpose of the work reported here is to perform the validation of the optimized SBSE analytical method, as well as to compare it with a previous methodology based on SPME technique [9] . The method, after validation, has been applied to various different samples of commercial vinegars.
Experimental

Vinegar samples
A commercial sherry vinegar sample was used to validate the analytical method for determining the various aroma and flavour compounds of varying volatilities and functions in vinegar. This methodology had been optimized in a previous study [8] .
After validation, several vinegars from different raw materials were analyzed.
The comparative study was carried out using different commercial vinegar samples.
Chemicals and reagents
All the aroma standards used in this study were supplied by Merck (Darmstadt, Germany) and Sigma (Steinheim, Germany).
Individual stock standard solutions of each aroma compound were prepared by weight in ethanol. A global stock standard solution containing all the analytes was prepared in a synthetic vinegar solution (2 g L −1 of tartaric acid, 80 g L −1 of acetic acid, 1 g L −1 ethyl acetate, and 10 mL L −1 of ethanol, in Milli-Q water). Working solutions used in order to determine the performance characteristics of the SBSE methodology were prepared by diluting different amounts of the global standard solution in a synthetic vinegar solution.
All these solutions were stored at 4 • C. 4-Methyl-2-pentanol was employed as internal standard. NaCl was purchased from Scharlau (Barcelona, Spain).
SPME
Sample preparation
For each SPME analysis, a volume of 15 mL of vinegar was pipetted and placed into a 50-mL glass vial with 6.14 g of NaCl.
Each sample was spiked with 50 L of a solution of 4-methyl-2-pentanol (2.27 g L −1 in Milli-Q water containing 80 g L −1 of acetic acid). A small magnetic stirring bar was also added. The vial was tightly capped with a PTFE-faced silicone septum. The vial was placed in a thermostated block on a stirrer. The sample was equilibrated for 5 min at sampling temperature and, after this, the SPME fibre (carboxen-polydimethylsiloxane, CAR-PDMS; 75 m) was inserted into the headspace. During the sampling time, the sample was stirred at constant speed. After completion of sampling, the fibre was removed from the sample vial and inserted into the injection port of the GC.
Chromatographic conditions
The samples were analysed using a GC 8000 chromatograph with a FID detector (Fisons Instruments, Milan, Italy).
The injection was made in the splitless mode for 2 min. For analytes desorption inside the GC injection port, the temperature was 280 • C. The GC was equipped with a DB-Wax capillary column (J&W Scientific, Folsom, CA, USA), 60 m × 0.25 mm I.D., with a 0.25 m coating. The carrier gas was helium at a flow rate of 1.1 mL min −1 . The detector temperature was 250 • C. The GC oven was programmed as follows: held at 35 • C for 10 min, then ramped at 5 • C min −1 to 100 • C. Then it was raised to 210 • C at 3 • C min −1 and held for 40 min.
The compounds were identified by mass spectrometric analysis. In these analyses, the same GC, under the same analytical conditions mentioned before, coupled to a MD 800 mass detector (Fisons Instruments, Milan, Italy) was used. The mass detector operated in EI+ mode at 70 eV in a range of 30 to 450 amu.
The signal was recorded and processed with Masslab software supplied with the Wiley 6.0 MS library. Peak identification was carried out by analogy of mass spectra and confirmed by retention indices of standards when they were available or by retention data from the literature. Quantitative data from the identified compounds were obtained by measuring the relative peak area in relation to that of 4-methyl-2-pentanol, the internal standard.
SBSE
Sample preparation
The extractions were carried out with 10 mm × 0.5 mm (length × film thickness) PDMS commercial stir bars, supplied by Gerstel (Mülheim a/d Ruhr, Germany). After optimisation, and for each SBSE analysis, a volume of 25 mL of sample (natural and synthetic vinegar) was pipetted and placed into a 100-mL Erlenmeyer flask with 5.85 g of NaCl and 50 L of a solution of 4-methyl-2-pentanol (2.27 g L −1 in Milli-Q water containing 80 g L −1 of acetic acid). The Erlenmeyer flask was placed on a magnetic stirrer equipped with 15 positions (Mülheim a/d Ruhr, Germany). The stir bar was stirred at 1250 rpm at 25 • C for 120 min. After removal from the vinegar sample, the stir bar was placed for a few seconds in distilled water in order to remove NaCl and gently dried with a lint-free tissue. Then, it was transferred into a glass thermal desorption tube and then thermal desorption was carried out.
Apparatus
The coated stir bars were thermally desorbed using a commercial TDU thermal desorption unit (Gerstel) connected to a programmed-temperature vaporisation (PTV) injector CIS-4 (Gerstel) by a heated transfer line. The PTV was installed in an Agilent 6890 GC-5973 MS system (Agilent Technologies, Palo Alto, CA, USA). An empty baffled liner was used in the PTV. The thermodesorption unit was equipped with a MPS 2 L autosampler (Gerstel) capable of handling the program for 98 coated stir bars. The desorption temperature was programmed from 40 to 300 • C (held for 10 min) at 60 • C min −1 under a helium flow (75 mL min −1 ) and the desorbed analytes were cryofocused in the PTV system with liquid nitrogen at −140 • C. Finally, the PTV system was programmed from −140 to 300 • C (held for 5 min) at 10 • C s −1 for analysis by GC-MS. Capillary GC-MS analyses in the electron impact mode were performed on an Agilent 6890 GC-5973N MS system (Agilent, Little Falls, DE, USA), equipped with a DB-Wax capillary column (J&W Scientific, Folsom, CA, USA), 60 m × 0.25 mm I.D., with a 0.25 m coating.
Chromatographic conditions
For SBSE, GC analytical conditions were the same as described above. Peak identification was also carried out using the Wiley library. In this case, quantitative data from the identified compounds were obtained by measuring the molecular ion peak area in relation to that of 4-methyl-2-pentanol, the internal standard.
Results and discussion
A higher number of volatile compounds were detected in the samples studied by means of SBSE. By SBSE, 47 volatile compounds could be identified whereas by SPME, only 25 were found. Most of these compounds found by SBSE and not by SPME are furanic compounds.
Performance characteristics
In a previous work [8] , the calibration curves for a few relevant compounds were developed in order to estimate the detection limits and repeatability of each one. In the present work, the number of compounds studied have been extended to 47 and a complete validation study has been carried out, studying calibration and linearity, detection and quantitation limits, accuracy, repeatability, reproducibility and the possible matrix effect of the acetic acid content. Fig. 1 shows a typical chromatogram of a sherry wine vinegar obtained by means of SBSE.
Calibration. Linearity
Five levels of concentration were tested in triplicate; these concentrations covered the concentration ranges expected for the various aromatic compounds in vinegars.
The (volatile compound/internal standard) molecular ion peak area ratio for the identified volatile compounds was used for each compound. The range of linearity studied for each compound appears in Table 1 . For those compounds with LOQ values higher than the lowest points of these ranges, the linearity evaluation was carried out in agreement with their LOQ values. The correlation coefficients were good (r 2 > 0.98). An excellent linearity was obtained in all cases for the range studied. This was also corroborated by the "on-line linearity (LOL)", with values higher than 97% (Table 1 ). This parameter is determined by the following equation in which RSD(b) is the relative standard deviation of the slope (expressed as a percentage).
Similar results, with LOL values higher than 97%, were also obtained for SPME [9] .
Detection and quantitation limits and accuracy
Detection and quantitation limits were calculated from the calibration curves constructed for each volatile compound, using the Alamin Computer Program [20] .
The limits of detection (three times the relative standard deviation of the analytical blank values calculated from the calibration curve) and quantitation (ten times the relative standard deviation of the analytical blank values calculated from the calibration curve) obtained (Table 2) are low enough to determine these compounds in real vinegar samples, taking into account their concentrations found in the studied samples. For SPME [9] , the detection and quantitation limits obtained were higher than those obtained by SBSE. Several authors have established that SBSE exhibits a great potential with very low detection limits [8, 10] .
In order to check the accuracy of this analytical method, the technique of standard additions was used. A sample of representative vinegar was taken as the matrix and known quantities of the global standard solution were added at five levels and in triplicate. The slopes of the lines thus obtained for each of the aromatic compounds were compared with the corresponding slopes obtained in the calibration with standards (t criterion). In general, no significant differences were found between them at a significance level of 5%. Table 2 gives the data for the accuracy of each compound, determined by the slope of the line plotting the concentration found against the concentration expected.
Good accuracy values have been obtained, only isobutanol and trans-2-hexen-1-ol presented lower values, 85.01% and 80%, respectively.
For SPME [9] , good accuracy values were obtained with the exception of 2,3-butanediol and 3-hydroxy-2-butanone, with 60% and 57%, respectively.
Repeatability and reproducibility
The repeatability and reproducibility have been evaluated by means of a series of five extractions of a commercial sherry wine vinegar performed using two different twisters. The mean concentration for all the identified volatile compounds, with their relative standard deviation (RSD) were calculated ( Table 2 ). The RSD obtained for each twister ranges between 2.88% and 12.90%. The inter-twister accuracy showed RSD values similar to intra-twister accuracy (2.85-11.95%). Only, ethyl octanoate showed higher intra-and inter-twister RSD values. Repeatability (same twister, n = 5) and reproducibility (different twisters, n = 5).
For SPME [9] , higher inter-fibre (2.5-20%) and intra-fibre (4.6-46%) accuracy values were obtained with considerable differences observed among the chromatographic responses obtained for each fibre and volatile compound.
These results corroborate the higher reproducibility of SBSE.
Matrix effect
Since acetic acid is one of the major constituents of vinegars and it exhibits a high volatility, it may compete with the volatile compounds in the extraction.
In a previous study [9] , using SPME, it was found that the extraction efficiency was influenced by acetic acid content. So, in order to check this possible source of interference, the same amount of volatile compounds (alcohols, aldehydes, esters and acids) were added to five synthetic vinegar samples with different acetic acid content (0-90 g L −1 ). Three extractions were analysed for each of these synthetic samples. The data obtained show that the higher the acetic acid concentration, the lower the extraction efficiency (Fig. 2) . Although the absolute areas decrease, the compound area/I.S. area ratio remains constant and the relative standard deviations are less than 15%. In general, for quantitative analysis, the I.S. may be used, so the acetic acid concentration does not affect the analytical data.
Determination of volatile compounds in vinegars
This analytical method was used to analyse several vinegar samples supplied by different producers. Each sample was analysed in triplicate. The mean results obtained for some of the vinegar samples are shown in Table 3 . The major volatile compounds quantified in these samples were isobutanol, 2-methyl-1-butanol, 3-methyl-1-butanol, 2-furaldehyde, 3-hydroxy-2-butanone, isovaleric acid, 2-phenylethanol, and 5-hydroxymethyl-2-furaldehyde.
Among the esters identified, which result from the fermentation of alcohols or by the reaction of acids with alcohols during aging, the major compounds were diethyl succinate, phenylethyl acetate, isopentyl acetate, and isobutyl acetate.
2-and 3-methyl-butanol have been found in other wine vinegars in a range of 10-100 mg L −1 [21] . The 3-hydroxy-2-butanone content found ranged from 265.29 mg L −1 for sherry vinegars to 1326.9 mg L −1 for balsamic vinegars. A high content of 3-hydroxy-2-butanone in apple vinegars have been observed by other authors [22] . It was justified as a consequence of a low aeration during the acetification process. Palacios et al. [23] found that the 3-hydroxy-2-butanone content increased in sherry vinegars during their aging in wood as a consequence of the transformation of butyleneglycol into this compound during the process of the acetic fermentation and, of the general water loss produced during this period by evaporation. In our case, vinegars 1 and 2, balsamic vinegars with a long period of aging in wood, exhibit the highest contents in this compound.
Hexanal and trans-2-hexen-1-ol were only found in apple vinegars. Balsamic and Pedro Ximenez vinegars showed, as can be expected on the basis of their production process, very high contents in 2-furaldehyde, 5-methyl-2-furaldehyde, 5-acetoxymethyl-2-furaldehyde, and 5-hydroxymethyl-2-furaldehyde.
A further research is required in order to establish the statistically significant differences among vinegars obtained from different raw materials (white and red wine, cider, malted barley, honey, pure alcohol, etc.) and by different processes of aging.
Comparison of SBSE and SPME for the analysis of volatile compounds in vinegar
The SBSE analytical method validated here has been compared with a SPME methodology previously optimized by authors for the analysis of volatile compounds in vinegars [9] .
Both analytical methods were used to analyse five vinegars supplied by different producers. The results obtained for these samples are shown in Table 4 . Only volatile compounds analyzed by both methodologies appear in this table. Not all the compounds measured by SBSE are detected using the SPME technique, but those which are quantified by both methods show similar concentration values. In the column, a slope of one means perfect correlation between SBSE and SPME. As can be seen, the regression coefficients (r 2 ) for analysis by SBSE and SPME for the compounds quantified always exceeded 0.9800 (Table 4 ), indicating that results obtained from both methods are in agreement. Nevertheless, SBSE method is capable to study a higher amount of compounds.
Conclusions
Under the experimental conditions used in this study, SBSE can be considered an appropriate technique for the analysis of volatile compounds in vinegars. It is a very simple and solventless technique. The detection and quantitation limits, and the accuracies obtained for various volatile compounds are adequate for their quantitation in vinegars. Acetic acid competes in the extraction, but for quantitative analysis, the internal standard may be used. This technique is in good agreement with SPME technique and, in general, exhibits better sensitivity and reproducibility values.
